We developed a mathematical model to identify the timing of antiretroviral therapy (ART) initiation that optimizes patient outcomes as a function of patient CD4 count, age, cardiac mortality risk, sex, and personal preferences. Our goal was to find the conditions that maximize patient quality-adjusted life expectancy (QALE) in the context of our model. Under the assumption that ART confers disease progression and mortality benefits at any CD4 count, immediate treatment initiation yields the greatest remaining QALE for young patients under most circumstances. The timing of ART initiation depends on the magnitude of benefit from ART at high CD4 counts, the magnitude of increases in cardiac risk, and patients' preferences. If ART reduces HIV progression at high CD4 counts, immediate ART is preferable for most newly infected individuals <35 years even if ART doubles age-and sex-specific cardiac risk.
Modern antiretroviral therapy (ART) has been the mainstay of treatment for human immunodeficiency virus (HIV) in the past decade, yet optimal timing of treatment initiation remains controversial. The pendulum has swung from "hit early, hit hard" in the late 1990s [1] , to drug-conserving late initiation strategies [2, 3] at a CD4 cell count threshold of 350 cells/mm 3 , and now back to earlier initiation thresholds [4] [5] [6] [7] [8] . The Strategic Timing of AntiRetroviral Treatment (START) clinical trial [9] should provide guidance on the timing of ART initiation, but the results of this trial are likely years away.
The debate about whether to initiate ART for patients with a CD4 count >500 cells/mm 3 hinges on the uncertainty about the balance of toxicities and benefits of ART at high CD4 counts. Several studies suggest that ART may have harmful cardiovascular effects. The Data Collection on Adverse Events of Anti-HIV Drugs (D:A:D) cohort studies found that exposure to protease inhibitors increased the relative rate of myocardial infarction by 16% per year of exposure [10] [11] [12] .
Other studies found that exposure to abacavir was associated with an increased risk of cardiovascular events and heart failure [13] . On the other hand, the Strategies for Management of AntiRetroviral Therapy (SMART) study suggested that ART is associated with a reduction in cardiac mortality over short periods of time compared with ART discontinuation [14] . The benefits of ART at high CD4 cell counts are also unclear. Whereas Kitahata et al [15] found that the relative risk of death for patients who initiated ART at CD4 counts >500 cells/mm 3 was lower than that of patients who deferred therapy until their CD4 count was <500 cells/mm 3 , the Concerted Action on SeroConversion to AIDS and Death in Europe (CASCADE) study did not observe a mortality benefit at the population level for initiation above 500 cells/ mm 3 [15, 16] . Other studies find that a low CD4 count is independently associated with an increase in non-HIV mortality, particularly cardiovascular mortality [17] [18] [19] [20] .
Previous model-based studies on timing of ART initiation have compared only a small number of strategies [21, 22] or have not incorporated patient characteristics such as age and sex [23, 24] , characteristics that are central for making informed clinical decisions. No study has attempted to find the optimal strategy for initiating ART while considering age, sex, cardiac toxicities, and therapy initiation at CD4 counts >500 cells/mm 3 . In this paper, we estimate the optimal time to initiate ART that maximizes quality-adjusted life expectancy (QALE) as a function of patient age, sex, CD4 count, and personal preferences about taking ART. Because the available clinical trials and cohort studies of ART are of relatively short duration [2, [4] [5] [6] [7] [8] 15 , 25], we use a modeling approach to balance the long-term risks and benefits of ART exposure. We focus on the cardiovascular implications of long-term ART use because of their prominent role in non-HIV-related morbidity and mortality in infected individuals [10] [11] [12] [13] . This problem is especially pertinent to regimens containing protease inhibitors, which are commonly used for both treatment-naive and treatment-experienced patients [26] , and have been associated with increased risk of myocardial infarction [10] . Our work provides a general framework for determining optimal treatment initiation decisions for HIV-infected individuals in the face of competing risks from HIV and ART-associated toxicities.
METHODS

Overview
We developed a stochastic dynamic programming model to find the optimal ART initiation threshold that maximizes remaining QALE for men and women of different ages, CD4 counts, and preferences about taking ART. The model (Supplementary Figure 1 ) estimates the survival benefits of ART over an extensive range of possible cardiovascular risks. Treatment initiation was considered "optimal" for the patients if their remaining QALE was greater with immediate ART initiation than by delaying initiation and reevaluating the patient after 6 months. Table 1 lists values for all model parameters.
The approach allows solving complex decisions in which every combination of health states-including in this analysis age, CD4 count, and quality of life-is accounted for. For example, a dynamic programming model that tracked age in 6-month intervals between ages 20 and 100 for 7 CD4 cell count categories would be equivalent to a decision tree with 1134 health states [= 81 years × 2 (twice-yearly evaluations) × 7 CD4 categories]. Dynamic programming provides a tractable means of finding optimal solutions of such complex decision problems [27] . Life expectancy is calculated recursively. By that we mean that to compute the remaining life expectancy at the current age given a treatment decision, we first compute the life expectancy from the next assessment onward given this decision, discount it, multiply it by the probability of surviving until the next assessment, and then add it to the current expectation of surviving until the next evaluation. The Supplementary Data provides a specific representation of a dynamic programming model (Supplementary Figure 2) and its solution.
HIV Progression
A patient's HIV disease state was determined by CD4 count. Changes in CD4 count over time depended on duration of disease and treatment status. We discretized CD4 counts into 7 categories: <50, 50-99, 100-199, 200-349, 350-499, 500-649, and ≥650 cells/mm 3 [15] . To operationalize the changes in CD4 count, we assumed that within each category, CD4 counts are uniformly distributed. Before treatment initiation, patients' CD4 cell counts decreased by 70.5 cells/mm 3 annually on average [28] . We assumed that, once initiated, ART is continued for the duration of the patient's life. This assumption of continuous effective treatment is consistent with the variety of currently available ART drugs and drug classes [26] .
Cardiovascular Risk
We decomposed cardiac mortality into ART-related mortality and age-and sex-specific mortality. We estimated the background cardiac mortality by multiplying age-and sex-specific mortality rates [29] by the age-and sex-specific proportion of deaths occurring due to cardiac disease [30] . Our data on the cardiovascular risk associated with ART were drawn from data on myocardial infarctions. We assumed that the rate of myocardial infarctions could be used as an upper limit on cardiac mortality, and used the rate of myocardial infarctions as a proxy for the cardiovascular death rate. The evidence on the magnitude and longitudinal pattern of the association between ART and cardiovascular events is inconclusive. One D:A:D study suggests a fixed multiplicative risk increase [31] ; another suggests a linearly increasing risk for each year on treatment [10] . We based the increased cardiovascular risk associated with ART on published estimates suggesting a constant percentage increase above the age-and sex-matched mortality in the absence of ART [31, 32] . Thus, if the background cardiac mortality rate at age t is r(t) and if c is the fixed percentage increase, the resulting cardiac mortality rate at age t is (1 + c)r(t). We varied the relative rate, c, between 0% and 400% in sensitivity analysis (Supplementary Data). To inspect the cases when ART offers some cardioprotective effects, we also examined other forms of risk association, such as a relative increase in the cardiovascular mortality rate for CD4 counts <500 cells/mm 
Mortality Estimation
We calculated total mortality as the sum of background mortality, HIV-related mortality, and ART-related cardiac mortality. ART-related cardiac mortality was assumed to be 0 for patients not on treatment. We computed background mortality by removing cardiovascular and HIV mortality from the Centers for Disease Control and Prevention (CDC) age-, sex-, and cause-specific data [29, 30] . HIV-related mortality, defined as in the CDC life tables [29, 30] , depended on CD4 count and whether the patient was on treatment [33, 34] . We added the background and HIV-related mortality rates to the ART-related cardiac mortality rate, and converted that total rate into 6-month probability of death for each time step.
Treatment Benefits
Given the lack of consensus on the benefits of ART at a CD4 count of >500 cells/mm 3 [15, 23] , we considered 3 scenarios:
(1) "All benefits": ART lowers HIV-related mortality at any CD4 count, and also leads to a rise in CD4 that delays HIV progression regardless of the CD4 count when ART is initiated. (2) "Partial benefits": ART leads to an increase in CD4 count, just as in the "all benefits" case, but CD4-specific mortality is identical for those on and off ART above 500 cells/ mm Table 1) .
Patient Preferences
Personal preferences and the quality of life (QOL) associated with receiving ART play an important consideration in treatment decisions, especially at high CD4 counts. We considered 3 patient preference patterns for taking ART at high CD4 counts ( Figure 1 and Table 1 ): (1) "ART-induced decrement": Taking ART is associated with lower QOL than not taking ART at CD4 counts >650 cells/mm 3 , and improves QOL at lower CD4 counts. (2) "ART dominating": Taking ART is associated with the same QOL as not taking ART at CD4 counts >650 cells/mm 3 , and improves QOL at lower CD4 counts. (3) "Life-years maximizing": Taking ART makes no difference for QOL regardless of CD4 count. We chose the "life-years maximizing" quality-of-life estimates as our base case.
Calibration and Model Analyses
We calibrated our model such that the non-HIV-related mortality in the absence of ART matches that in the United States for the HIV-negative population (Supplementary Data). We used the model to examine optimal treatment initiation strategies for infected individuals aged >20 years. We compared the QALE from following the optimal strategy determined by our model to that from starting ART only when the patient's CD4 drops below 500 cells/mm 3 [26] , and to that from a "test and treat" strategy in which treatment is always initiated as soon as the patient is evaluated, regardless of the patient's age, sex, or CD4 count (Supplementary Data). Figure 2 shows the optimal actions for males ( Figure 2A ) and females ( Figure 2B ) for one representative scenario: lifeyears-maximizing health utilities; ART causes a constant 100% increase above the age-and sex-matched baseline cardiovascular mortality rate; and initiating ART brings both progression and HIV-mortality benefits. Immediate treatment initiation provided the greatest benefits for younger patients in our model. For males up to age 49 years, immediate ART initiation yielded the highest QALE. According to our model, these individuals experienced the highest remaining QALE when ART was initiated even at very high CD4 counts, because their baseline cardiovascular risk was low and the additional risks associated with ART were outweighed by the HIV survival benefits. At older ages, however, with greater cardiovascular disease risk and shorter remaining life expectancy (resulting in smaller lifetime ART benefits), delaying treatment initiation was favored in many circumstances. The model suggests that a 65-year-old man, for instance, should initiate treatment only when his CD4 count is <500 cells/mm 3 . For females, the optimal policy generally mandates initiating treatment earlier than for males, as evidenced by the dark area under the curve (Figure 2A and 2B) .
RESULTS
Baseline Results
Varying the Benefits of ART Above 500 Cells/mm 3 Figure 3 presents the optimal actions, as per our model, for the 3 cases of benefits we considered. Immediate treatment initiation remains optimal for younger patients unless we assume the "no benefits above 500 cells/mm 3 " case, in which case ART should never be started at CD4 counts >500 cells/ mm 3 . For 45-year-old men, immediate treatment initiation is optimal under the "all benefits" case, whereas treatment initiation is optimal below 650 cells/mm 3 under the "partial benefits" case, and below 500 cells/mm 3 for the "no benefits above 500 cells/mm 3 " case. For 65-year-old men, the optimal policy determined by our model was to initiate treatment at 500 cells/mm 3 under the "all benefits" and "partial benefits" scenarios, and at 350 cells/mm 3 under the "no benefits above 500 cells/mm 3 " scenario.
For patients of the same sex, the greatest change in our model's optimal policy toward delayed treatment initiation was brought by the cancellation of the progression and mortality benefits of ART at CD4 counts >500 cells/mm 3 , as seen in the "no benefits above 500 cells/mm 3 " panels ( Figure 3E and 3F) compared with "partial benefits" (Figure 3C and 3D) and "all benefits" (Figure 3A and 3B ). In the "no benefits above 500 cells/mm 3 " case, initiating ART above 500 cells/mm 3 is never optimal (because no benefit is realized in this case for such CD4 counts), whereas initiating ART above 350 cells/mm 3 is optimal only for men <63 years of age and women <70 years of age.
Patient Preferences
We examined the impact of patient preferences by considering alternative QOL values. As shown in Figure 4 , patient preference patterns can have a significant impact on the optimal strategy determined by our model. The optimal strategy for the "life-years maximizing" pattern favors waiting until lower CD4 counts than the "ART dominating" pattern and the "ART-induced decrement" pattern.
DISCUSSION
We model the important clinical and policy decision of initiating HIV treatment under the possibility of an increase in cardiovascular mortality associated with ART [35] . Our analysis Figure 2 . Optimal actions for males and females assuming "life-years maximizing" health utilities, the "all benefits" case, and a constant relative increase of 100% in cardiovascular death rate due to antiretroviral therapy above the age-and sex-matched cardiovascular mortality rate. Abbreviation: ART, antiretroviral therapy.
suggests that under the "all benefits" assumption, starting ART immediately is optimal for young patients regardless of CD4 count under a wide range of assumptions. This is because the baseline cardiovascular risk is low and increases very slowly at younger ages, while the decline in CD4 without treatment is much more rapid. More than 41 000 new HIV infections are identified every year in the United States in patients <50 years of age [36] . We estimate that >9900 qualityadjusted life-years could be gained every year by following the optimal strategy compared with starting ART at a CD4 cell count of 500 cells/mm 3 . A key question in the decision to initiate ART is whether ART reduces mortality at CD4 counts >500 cells/mm 3 . Several observational studies have addressed this question with mixed conclusions [6, 15, 16] . Given this uncertainty, we considered 3 cases of ART benefits. An important finding of our analysis is the difference in the predicted optimal policy depending on ART's benefits above 500 cells/mm 3 . Importantly, in the "no benefits above 500 cells/mm 3 " case, treatment initiation was never optimal above 500 cells/mm 3 . Our analysis highlights trade-offs in treatment initiation thresholds for older individuals and those at higher cardiovascular risk. The exact age at which it is no longer optimal to Optimal actions for males and various health utility functions, assuming a constant 100% increase in cardiovascular risk above baseline due to treatment and that antiretroviral therapy brings both progression and mortality benefits from all CD4 counts. Abbreviation: ART, antiretroviral therapy.
initiate ART at any CD4 count depends on the true relationship between ART and cardiovascular risk. Studies that combine HIV-specific and non-HIV-specific mortality into all-cause mortality bypass the ambiguities in defining HIVrelated mortality and serve an important role. However, the absence of cause-specific mortality by age and CD4 count makes it difficult to estimate the competing risks critical for decisions about treatment initiation. Understanding these risks, and in particular the risk association between ART and cardiovascular mortality, is especially important for older HIV-infected patients.
Our use of ART throughout this analysis refers primarily to those regimens that may increase cardiovascular risk, mostly protease inhibitors and possibly abacavir. One immediate implication of our findings is that agents with greater cardiovascular toxicity profile should be avoided in older individuals, especially those with greater baseline cardiovascular risk. This is not always possible with transmitted drug resistance to other important antiretrovirals. Thus, delaying treatment until the patient reaches a CD4 count of 350 cells/mm 3 may be optimal if protease inhibitors are a principal component of ART for older individuals. Patient preferences play an important role in the timing of ART initiation. Our analysis shows that optimal treatment initiation is at lower CD4 counts for those whose quality of life is unchanged by taking ART compared with those whose quality of life is improved with ART. However, even among patients whose quality of life is not improved by ART, immediate treatment initiation is optimal at ages <32 years provided treatment is associated with benefits at all CD4 counts.
Although we find improved health outcomes with immediate treatment under a broad range of conditions, we do not explore the cost-effectiveness implications of such strategies. A strategy with the highest remaining QALE may not be preferable from a societal perspective if the associated costs suggest that the strategy is not an efficient use of resources.
Our analysis has several limitations. We did not consider other potential toxicities associated with ART such as kidney damage or liver injury. These are important considerations, though they are less morbid than cardiovascular disease. Our results are stable even when the cardiovascular risk associated with ART is high; that is, the results are less likely to change substantively with inclusion of additional ART-related toxicities. In addition, our analysis extrapolates beyond the available evidence, especially since experience with ART is short compared with life expectancies. The best available evidence contains great uncertainty over the association of ART with cardiovascular mortality. For instance, no patients in the D:A: D cohort took darunavir because it was not available at the time [10] . If the cardiac risk from newer agents is on the low end of our range, the optimal policy would trend toward earlier treatment initiation. We explored this uncertainty in cardiovascular risk throughout the analysis, and considered other forms of cardiovascular risk, including a CD4 countdependent increase in cardiovascular risk <500 cells/mm 3 (Supplementary Data) [18] . We also assumed that ART-associated cardiovascular risk is stable over a patient's lifetime. In reality, physicians may switch high-risk individuals to antiretroviral drugs with fewer cardiovascular risks. Such behavior will serve to increase the benefits of immediate treatment initiation. Finally, we only considered the therapeutic benefits of ART for individuals without accounting for its preventive benefits. Coupled with our finding that the loss in QALE is relatively small for most patients, the preventive benefits of ART could make immediate ART initiation upon diagnosis a very appealing strategy from a societal perspective.
Our analysis can inform decisions about when to initiate ART. We provide age thresholds for men and women for which immediate ART is associated with the best health outcomes after accounting for possible cardiac toxicities. Our analysis highlights the potential risks of immediate ART initiation in older patients, as well as the important role that patient preferences play in determining the optimal policy, particularly at CD4 counts >650 cells/mm 3 .
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